Word Count Manuscript: 3783 2 1 ABSTRACT 2 Cerebral palsy (CP) is associated with movement disorders and reduced muscle size. This latter 3 phenomenon has been observed by computing muscle volumes from conventional MRI, with most 4 studies reporting significantly reduced volumes in leg muscles. This indicates impaired muscle 5 growth, but without knowing muscle fiber orientation, it is not clear whether muscle growth in CP 6 is impaired in the along-fiber direction (indicating shortened muscles and limited range of motion) 7 or the cross-fiber direction (indicating weak muscles and impaired strength). Using Diffusion 8 Tensor Imaging (DTI) we can determine muscle fiber orientation and construct 3D muscle 9 architectures to examine along-fiber length and cross-sectional area separately. Such an approach 10 has not been undertaken in CP. Here, we use advanced DTI sequences with fast imaging times to 11 capture fiber orientations in the soleus muscle of children with CP and age-matched, able-bodied 12 controls. Physiological cross sectional areas (PCSA) were reduced (37 ± 11%) in children with CP 13 compared to controls, indicating impaired muscle strength. Along-fiber muscle lengths were not 14 different between groups, but we observed large variance in length within CP group. This study is 15 the first to demonstrate functional strength deficits using DTI and implicates impaired cross-16 sectional muscle growth in children with cerebral palsy. 17 Key Terms: leg, musculoskeletal, PCSA, pennation, DTI, MRI 3 18 INTRODUCTION
6
Imaging data were collected from knee to ankle. The scanning was conducted on a 3.0T
78 Siemens Skyra Scanner (Erlangen, Germany) using a high-resolution 3D T1 VIBE Dixon sequence 
111
(1) = ℎ 8 112 where PCSA is the physiological cross-sectional area, muscle volume is the volume of the soleus 113 acquired from image post-processing in units of cm³ and fascicle length is the length of a fiber 114 obtained from DTI post-processing software in cm.
Pennation Angle
116 The conventional definition of pennation angle is the 2D-angle between the muscle fiber and the 117 line of action of the muscle(31,32). The 2D nature of this definition makes it difficult to apply to 118 complex three dimensional data. Another definition describing 3D angles has been offered in the 119 past (25, 33) . Consistent with these, pennation angles were calculated as the angle between the 120 tangent vector of the fiber bundle and the norm vector of the muscle surface at the insertion point 121 of the bundle. Since each region of the muscle consists of multiple differently arranged fiber 122 bundles, one characteristic fiber bundle was extracted for each region and the pennation angle was 123 computed for this fiber bundle for the region from which it was extracted. To have a reasonable 124 comparison of angles, bundles were inspected to ensure consistency of location across subjects.
Normalization of Variables
126 To reduce the effects of body height and mass on differences in muscle size and architecture, we 127 normalized computed parameters according to the following equations. Muscle volume and PCSA 128 were normalized to body size based on findings from a previous study(34).
129
(2) = ℎ ℎ • 130 where volume norm is the normalized muscle volume of the soleus, muscle volume is the volume of 131 the soleus acquired from image processing in units of cm³, height-mass is the product of subject 132 height in cm and body mass in kg.
133
(3) = 134 where PCSA norm is the normalized physiological cross-sectional area in cm²/kg, PCSA is the 135 physiological cross-sectional area of the soleus in cm² and mass is the subject's body mass in kg.
136 Muscle length and fascicle lengths were normalized by height as follows:
137 where muscle length is the superior-inferior length of the muscle in cm, fascicle length is the tract 138 length obtained from DTI post-processing in cm and height is the subject's body height in cm.
139 Statistics 140 Since normalized parameters were being compared between groups, nonparametric statistical 141 tests were necessary. For all tests of significance, the Wilcoxon ranksum test was used. Muscle volumes differed significantly between the CP and the TD group (Fig 2A) . Absolute 145 muscle volumes were 42.6% smaller in the CP group (p =0.004). Body size normalized volumes 146 were 35.2% smaller on average for CP subjects (p =0.002). Differences in muscle length ( Fig 2B) 147 did not reach significance for either absolute or normalized lengths: absolute length difference 148 8.5% (p =0.131), normalized length difference 6.0% (p =0.340). 
151
Normalized muscle length is longer in the TD population but this difference does not reach 152 significance.
154
We observed differences in the shape of the soleus muscle between the CP and TD group 155 and within the CP group. Overall, the fiber models show that CP group has smaller muscles. Also, 156 the subjects with CP show a less dense 'packing' of muscle fibers in their muscles than the subjects 157 of the TD group, suggestive of a larger fraction of intramuscular connective tissue. CP muscles 158 were longer and thinner compared to their TD counterparts.
159
The CP cohort presented smaller volumes than the TD cohort for each of the three 160 functional regions of the soleus. The marginal region was the most reduced region and was 56.5%
161 smaller in the CP group (p = 0.001), the anterior region was 46.1% smaller in the CP group (p = 162 0.004), and the posterior region was 35.5% smaller in the CP group (p = 0.019). within and between groups but are not significantly different between CP and TD cohorts.
174
We observed heterogeneities in fascicle lengths within both cohorts (Fig 3) . For instance, 175 both the longest and the shortest normalized median fascicle length could be found within the TD 176 group (longest 34mm with a height of 1.34m; shortest 24.5mm with a height of 1.36m). Thus, 177 within group heterogeneity was apparent and was also consistent with literature reports of fascicle 178 length heterogeneity (see Discussion). Additionally, we found a large range of fascicle lengths 179 within each subject and muscle compartment. The average standard deviation of fascicle length 180 within a single subject was 7.2mm for the anterior compartment, 6.7mm for the marginal 181 compartment, and 6.3mm for the posterior compartment. While variability was evident within 182 subjects, we did not find any significant differences in fascicle lengths between the CP and TD 183 group.
184
PCSAs were significantly reduced among the CP cohort: mean deficits of 40.9% in PCSA 185 (p = 0.014) (Fig 4) . Normalized PCSA was reduced by 36.1 % in CP subjects (p = 0.001). A direct 186 comparison between each age-and gender-matched subject's PCSAs revealed a smaller PCSA 187 than their TD counterpart. 
191
Here, PCSA was normalized by the body mass of each subject.
Pennation Angle
193 The pennation angle is meant to describe how the muscle fibers are arranged and thus, how these 194 arrangements influence the functionality. Yet, the computed angles for the selected characteristic 195 fiber bundles varied widely between compartments and also within them ( Fig 5) . The angular range 196 in the whole muscle ranged from 8.03° to 86.9°. Even within regions the ranges were large. As the 197 pennation angle showed a lot of variations within and between compartments and also within and 198 between the CP and TD group, no trend in reduced pennation angles was observed. show subject-specific results and large angle ranges also within the groups, but no significant 202 differences between the groups.
225
It should be noted that sarcomere lengths were unknown in this study. Sarcomere lengths 226 represent a measure of length dependent force generation and passive stiffness and are used to 227 calculate optimal fascicle length(14,41). Acquisition of sarcomere lengths in vivo requires the use 228 of laser diffractometry or microendoscopy(42,43), which we did not have access to in this study.
229 In a study using laser diffraction in adolescents with CP, Smith et al.(44) found sarcomere lengths 230 to be about 17-22% longer in spastic hamstrings (gracilis and semitendinosus) muscles. A 231 sarcomere length increase of 20% implies a 20% reduction in observed PCSA at the time of data 232 acquisition. In our study we observed normalized PCSA deficits of 36%. In light of the potential 233 differences in sarcomere lengths between CP and TD groups, it is possible that CP muscle fibers 234 in our population may have fewer sarcomeres in series that are 'stretched out' to resemble the 235 normal-length fibers in the TD population(14,44). Thus, although we did not examine sarcomere 236 lengths in this study, when considered in the context of other studies on CP muscle architecture, it 237 is possible that CP sarcomere lengths are longer than TD, optimal fascicle lengths are shorter than 238 TD, and PCSAs are reduced compared to TD. The magnitudes of these effects suggest that PCSA 239 deficit is greater than optimal fascicle length deficit. These results should be interpreted with 240 caution, however, as the manifestation of CP is subject-specific and muscle-specific. Future studies 241 that assess muscle volumes, fascicle lengths, and sarcomere lengths are warranted.
242
The definition of the PCSA used in this study(29,30) uses the muscle length to muscle an inverted "v" appearance.
277
The peak isometric force that a muscle is able to generate is directly related to the PCSA 278 and the specific tension, σ, which is a measure of the force produced per unit area of skeletal 279 muscle. This parameter has been estimated to be between 0.1 and 1.5 MPa(47,48) and is thought 280 to vary somewhat between muscles and between individuals based on fiber type distribution and 281 other factors. While specific tension may then be subject-specific, it is thought to be similar or 282 reduced in subjects with CP compared to TD subjects. Taken together, a reduced PCSA in CP is 283 representative of a direct reduction in peak isometric force. For the present study, isometric 284 strength capacities in our CP cohort are expected to be reduced by at least the reduction in PCSA, 285 but may be greater for subjects whose effective specific tension is also reduced.
286
There are several limitations to this study that bear consideration in addition to those 287 discussed above. In this study, we imaged 9 individuals with cerebral palsy and 9 typically 288 developing controls. This sample size is reasonable for an imaging study where data acquisition is 289 expensive and time consuming; however, a larger population for this study would have conferred 290 greater confidence in our results. Muscle length differences, particularly, showed a non-significant 291 trend toward shorter fascicles in the cerebral palsy cohort. A greater number of participants may 292 have revealed a significant difference here. As a technique, DTI does not specifically image muscle 17 293 fibers-rather it is a technique for quantifying diffusion directions of water molecules in the tissue.
294 By filtering the DTI data and implementing tractography algorithms that consider alignment of 295 fibers and overall diffusion directions, muscle fiber tract directions can be reconstructed from DTI.
296 While DTI and correct use of tractography algorithms has been shown to be robust and repeatable 297 in determining muscle fiber directions(19-21,49), the nature of the method requires that users 298 should not view each tract as a de facto muscle fiber. Rather the ensemble of tracts represents 299 overall fiber directionality.
300
We divided the muscle into three compartments-posterior, anterior, and marginal-to be 301 consistent with literature that investigated the soleus muscle (25, 50) . Considering the reconstructed 302 fiber architectures using DTI, it seems possible that it bears defining other compartments as well.
303 The large standard deviations even in small compartments of the soleus also implicate the diversity 304 and complexity even within small spatial regions within the muscle. The large standard deviations 305 we observed are consistent with literature reports where the muscle was divided into 32 306 compartments and carefully dissected(26). In these studies, the authors reported large standard 307 deviations within compartments even despite the large number of compartments defined. These 308 results notwithstanding, inspection of fiber directions from DTI in the soleus muscle for our set of 309 subjects reveals that the major fiber orientations appear to be well-described by categorization into 310 the anterior, posterior, and marginal compartments. Further analysis of or definition of alternative 311 compartments may lead to a deeper understanding of this muscle and its function.
312
In this study, we used DTI and conventional MRI to determine muscle volumes, lengths, 313 and fiber orientations in a CP and a TD population. We compared fascicle lengths and computed 314 PCSA in the two groups, finding reduced volume and PCSA in CP. Though we did not compute 315 sarcomere lengths in this study, the magnitude of PCSA deficits indicate that strength capacity is 
